An equation is derived which rigorously defines the photosynthesis : respiration ratio (P:R) for any alga : invertebrate symbiotic association and permits the computation of the fractional contribution of translocated algal carbon to the daily respiratory carbon requirement of the host animal. The equation is applied to two species of symbiotic reef corals, using 0, flux data from 24-h continuous measurements in situ. Given certain assumptions, the algae in the shallow-water Hawaiian reef corals Pocillopora danzicornis and Fungia scutaria can supply of the order of 63 and 69% of the daily respiratory carbon demand of their respective animal hosts.
Symbiotic zooxanthellae
in reef corals fix carbon dioxide by photosynthesis and translocate a substantial fraction of their reduced organic carbon to the host coral animal (Muscatine and Cernichiari 1969; Lewis and Smith 1971; Muscatine and Porter 1977) . Translocated carbon is thought to be of energetic significance to the host since, in those corals studied, the daily carbon input from feeding on zooplankton does not meet the coral animal carbon requirements for respiration (Johannes et al. 1970; Johannes and Tepley 1974; Porter 1974) . In addition, some symbiotic corals can live and grow under l This work was supported in part by grants from the National Science Foundation (PCM-33780 to L.M. and GA-27941 to L.R.M.) and from Edwin Pauley. conditions in the laboratory where particulate organic carbon is excluded (Yonge 1930; Johannes 1974) , implying that such corals can satisfy all of their energy requirements from other sources including translocation.
However, the quantitative significance of translocated carbon has not yet been determined for any algaeinvertebrate association. As a point of departure, we asked the question: how much of the daily carbon requirement for respiration of the animal host is supplied by the algae through translocation?
Some investigators have tried to answer this question by using the photosynthesis : respiration (P:R) ratios of symbiotic corals. Typically, daily P:R ratios > 1.00 have been interpreted to mean that the coral is self-supporting with respect to carbon. There are several 602 Muscatine et al. reasons why this interpretation is basically untenable.
In many instances P:R ratios are derived from short term measurements extrapolated to daily ratios without appropriate justification.
In addition, the ratios are derived from oxygen data but interpreted as pertaining to carbon. Further, P and R arc rarely rigorously defined. Finally, and perhaps most important, at least two additional parameters must be known before the magnitudc of algal contribution can be inferred from P:R. First the amount of fixed carbon translocated to the animal must be evaluated. Only translocated carbon can offset animal demands. Thus, a P:R of 2.0 for a symbiotic association may mean that more C is fixed than respired, but, without translocation of the fixed carbon, the animal is completely dependent on external sources and the system is not at all phototrophic.
Second, we must know the daily integrated value not only for total coral respiration but also for the fraction of this value due to animal respiration alone. Only animal respiration can reflect animal demands.
We derive here an equation which rigorously defines P:R for any algae-invertebrate association and permits the estimation of algal contribution from p0, measured continuously in situ for 24 h. We apply the equation explicitly to measurements made on symbiotic reef corals and estimate the contribution of zooxanthellae carbon to host respiration in two coral species. A preliminary discussion of how algal contribution might be estimated has appeared elsewhere (Muscatine and Porter 1977; McCloskey et al. 1978) .
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Materials and methods
Or-ganisms-All experiments were carried out at the Hawaii Institute of Marine Biology, Kaneohe Bay, Oahu. Field experiments were done on a shallow reef, known locally as Checker Reef, 1.6 km north of the laboratory. Two coral species were studied: Pocilloporn damicornis (Linnaeus), a branched colonial species, and Fungia scuturia Lamarck, a solitary unattached form. Corals were selected for size and condition and all macrocommensals (primarily crabs and shrimp) were removed from between branches of P. damicornis.
Corals were handled only under water and were used within 1530 min of collection.
Respirometry-Respiration and photosynthesis of corals were measured in situ at depths of l-3 m with two self-contained respirometers which continuously record p0, in enclosed 45liter Plexiglas chambers containing coral heads (McCloskey unpubl.). Each incubation lasted for about 24 h, including a l-min chamber flush each hour, thereby providing data on total nighttime consumption and daytime consumption and production of oxygen. After each 24-h incubation, the entire apparatus and corals were transported to the laboratory where coral displacement volumes were measured so that we could calculate absolute values of oxygen in the incubation volume. Data were normalized to mg 0, * liter-l * time-'. Estimuting fructionnl contribution of translocated zooxanthellae carbon to animal d&j respiration: Theoretical and practical considerations-The definitional equation below expresses the parameters of interest.
Fractional
2 gross C % of zoocontribution fixed xanthellaeof transphotosyn-* fixed C located zoothe tically translocatxanthellae C by zooxaned to the to animal = the11 ae animal daily respira-C respired daily by ' tory C the animal requirements (CZAR) (1) Using the symbols and definitions in Table I, we can abbreviate Eq. 1 as
Carbon jlux in symbiotic corals 603 We can now obtain the working equation. At present, the experimentally determined translocation percentage (T) is derived from short tenn experiments utilizing 14C0, fixation in the light during daytime (see below). From this methodology we must assume that translocation occurs only during the daytime and that factor T is independent of light intensity. Since algal carbon respired during the day [designated R,(day)] will not be available for translocation, it must be subtracted from gross production, leaving net production [designated P,net( day)]. Whereas net photosynthesis is conventionally defined as net = gross -respiration, our modified expression is net(day) = gross -respiration(day).
Thus, P,net(day) = P, -R,(day). (11 Table 2 .
To facilitate the computation of R,." and p, however, we must make two assumptions. Because daytirne respiration cannot be measured during the period of daytime irradiance and photosynthesis, we assume, as a first approximation, that the daytime rates of coral respiration are the same as those measured at night. We find the nighttime rates to be virtually constant. This assumption is depicted in Fig. 1 
Equation 16 will overestimate R,(day) in Eq. 12 and underestimate P,nct(day). As long as (1 -p) is small, as it is for corals in this study, these departures will be slight. A precise, although less practical expression for P,net(day) is given by f/r P,net ( where ta and tb are the times just after dawn and just before dusk when the algae are at their compensation point with respect to carbon; i.e. when pz = r,. Our second assumption is that respiration is proportional to biomass, (B), as measured by total protein, for both animal and algae. This allows calculation of the animal : coral (p) or algal : coral (1 -p) carbon respiration ratio in terms of biomass ratio:
p+; 1-p+.
C C Substituting Eq. 14-17 in 13, we obtain our final working expression: > (W or in a form more useful in computation i2&3+ll CZAR =
(1 -P)~PQ:
where RQc is measured directly or estimated, along with PQ,, as described below. Note that in Eq. 18b the oxygen data enter only as the ratio of net oxygen flux (F") to the oxygen respired by the coral ho). Photosynthetic and respiratory quotients-Equations 18a and b call for assignment of values for PQz and RQ,.
No universal value for PQz can be assumed to be applicable, although this quotient is often taken as 1.00. In the absence of direct measurements (considering that the chief nitrogen source for zooxanthellae in coral cells is largely ammonium nitrogen: Muscatine and D'Elia 1978), PQZ is taken as 1.10 (Raven 1976 ).
RQc can be estimated directly with conventional manometric methods on whole corals or indirectly by the formula and assigning arbitrary values for RQZ and RQa. As a first approximation we used the indirect approach, selecting values of 1.00 for the former and 0.8 for the latter (cf. Kleiber 1961), although later we show (Figs. 2, 3 ) the result of selecting a wider range of values.
Algal : coral biomass ratios-To make an empirical determination of representative algal : coral biomass ratios, we prepared tissue homogenates by grinding pieces of P. damicornis or F. scutaria in a mortar and pestle in 5 ml of "ZBS" buffer (Franker 1971) or by using a WaterPik. Homogenates were further processed with differential centrifugation followed by band velocity centrifugation on a 3-step sucrose gradient. The clean algal isolates were then assayed for algal protein and chlorophyll a. Once this ratio was established for zooxanthellae from each species of coral, we then extracted and measured total chlorophyll a and total coral protein for each experimental coral head or specimen. Total algal protein was estimated from the formula algal protein algal Chl CL *C Chl u = X algal protein and expressed as a percent of the total coral protein.
Translocation-We estimated translocation of fixed carbon from zooxanthellae to host tissues from rates of release of fixed 14C by zooxanthellae isolated from P. damicornis. The methods were those described by Muscatine et al. (1972) with the following modifications. Homogenates were obtained with a Water-Pik and strained through several layers of gauze. Isolated zooxanthellae were suspended in half-strength homogenate adjusted to 5-ml volumes. Each sample was incubated at 27°C in a lo-ml graduated test tube for 30 min with 5 PCi of IMuscut ine et al a
NaIY4C03
at 250 pEinst*m-2 * s-l. Aliquots of final supernatant and resuspended algal pellet were acidified and warmed to drive off unfixed 14C0, and then assayed for radioactivity.
Analytical methocls-Chlorophyll a was measured fluoromctrically (HolmIIansen et al. 1965 ) in 100% acetone extracts of aliquots of tissue homogenate or algal isolates deposited on glass-fiber filters (Whatman GF/C). Protein was mcasured by the method of Lowry et al. (1951) 
Results
Biomass rntios-Al gal pro tein:chlorophyll a ranged froin 16-36 for P. dumicornis (n = 10) and 8-16 for F. scuturiu (n = 4). The calculated mean (-LSD) for pcrccnt algal protein was 8.9 + 3.1 for P. durrLcornis and 3.2 IL 1.4 for F. scuturiu.
Trunslocution - Table  2 gives the rcsults of six in vitro release experiments for zooxanthellae from P. damicornis, done at various times of day and night. The mean of all observations is 41.4%. This value is close to the 38 + 8.3% reported for release by zooxanthellae isolated from P. dumicornis from the Great Barrier Reef, Australia (Muscatinc 1967) and 32.45% from previous in vivo studies (Muscatine and Cernichiari 1969) . As a first approximation we chose 40% as the translocation factor in solving Eq. 18a, 1~. For F. scutnrin we used 25%, as determined experimentally by Trench (1971). Respirometry and computation of CZAR-A typical diel curve for total oxygen flux by P. du*micornis is given in Fig.  1 . Such data, along with similar data for IT. scuturiu, yielded values for pXO, rVO, and t(day) ( Table 3) . With RQZ set at 1.00, IiQ;, at 0.8, and algal : coral respiration (biomass) at 0.09 for P. dumicornis and 0.03 for F. scuturiu, we calculated values of RQ, from Eq. 19. Then, with PQ, set at 1.1, P,net(clay) and R, were computed as mg C. Finally, with translocation factors of 40 and 25%, we computed values for CZAR in a number of replicate ex- periments. Table 3 shows that the carbon fixed by P. dumicornis and F. scutariu zooxanthellae and translocated to the animal tissue provides means of 63.2 and 68.5% of the animal 24-h respiratory carbon requirement. Table 3 gives CZAR in tenns ofempirically derived biomass ratios and translocation factor and arbitrary values of PQm RQm and RQa; we also computed CZAR using a range of different values for all of these parameters (Figs. 2, 3) . Using the mean values of P,, r,, and t (day) for P. chmicornis and F. scu turiu in Table 3 , and given algal : coral respiration (biomass) ratios from 0.05 to 0.50, PQZ of 1.0 and 1.1, RQa of 0.7, 0.8, and 0.9, RQZ of 1.00, the range of computed values of RQ,, translocation at 30,40, and 50% for P. dumicornis and 15, 25, and 35% for F. scutariu, we can derive, by plotting CZAR against algal : coral respiration (biomass), 18 possible curves. From the relative positions of these curves we see that percent algal contribution is directly proportional to percentage translocation, but inversely proportional to RQ and PQz. Depending on the choice of parameter values above, CZAR can range from 41 to 136% for P. dumicornis and from 36 to 180% for F. scuturia.
Discussion
Measurements of daily integrated oxygen flux by two shallow-water species of symbiotic corals, applied to our equation for estimating algal contribution (Eq. 18a, b), revcal that a quite substantial fraction of the daily respiratory carbon of P.
Carbon jlux in symbiotic corulu 607 Under the local and seasonal conditions of our experiments, the mean values are about 63 and 70%. The remainder of the animal's needs are presumably satisfied by intake of particulate organic carbon (i.e. detritus or prey organisms) or absorption of dissolved organic material or both.
Because of the assumptions involved in calculating CZAR, these mean values and their ecological implications must be regarded as tentative. Figures 2 and 3 are intended to provide a guide to the possible dimensions of CZAR, given data or assumptions other than those used here. Thus if F. scutaria translocation percentage was 35%, with PQZ taken as 1.00, then CZAR would be >lOO% and the coral would be viewed as phototrophic with respect to carbon.
Our assumption that algal : coral respiration is proportional to algal : coral biomass is based on the idea that respiration can be divided into growth respiration and maintenance respiration (Penning de Vries 1975; Raven 1976 ). According to Raven (1976, p. 587) , "Growth respiration provides the ATP, reductant and carbon skeletons required for growth processes, and is directly proportional to the rate of growth. Maintenance respiration provides ATP for macromolecular turnover and for the maintenance of solute gradients . . . ; it is proportional to biomass and not directly related to growth rate." Maintenance also includes "the processes of physiological adaptation that maintain cells as active units in a changing environment" (Penning de Vries 1975, p. 77) . The corals used in our experiments were large relative to their size range, and assumed to be growing relatively slowly, if at all. The respiration detected in our 24-h incubation is therefore viewed as maintenance respiration and as such is construed to be proportional to biomass. The empirically derived algal : coral biomass ratios of 0.03 and 0.09 are similar to other recently published biomass ratios for corals (0.14 for Pocilloporu capitutu) and anemones (0.08 and 0.09 for Anthopleura eleguntissimu: McKinney 1978). Other indirect approaches for estimating respiration ratios include the measurement of electron transport activity (see Kenner and Ahmed 1975u,b) in isolated algae vs. coral animal tissue and the measurement of dark respiration of intact corals vs. algae isolated is fixed at 1.00, since change in RQ, over normal range has an insignificant effect on algal contribution. Some curves are congruent or intersect. These are abbreviated for clarity of presentation.
from the same corals. These approaches are only as reliable as the completeness with which the algae and animal tissue can be separated. For example, Downton et al. (1976) gave a mean daytime dark respiration value of 28.15 pmol 0, *(mg Chl a + c)-' *h-l for zooxanthellae isolated from P. dumicornis.
Converted to the same units, our value for r,O is 48.44 pmol. If 28.15 pmol is due to algal respiration alone then r,O is 20.29 ,umol andthe algal : coral respiration ratio would be 0.58, much higher than our estimate of 0.09 from biomass data. But as Downton et al. pointed out, their dark respiration rates were about 66% of the net photo- synthetic rate, and such unusually high respiration : photosynthesis ratios could be due to contamination of the algal suspension by host animal cells. Since clean, quantitative separation of algae and animal tissue is virtually impossible for many coral species, the use of aposymbiotic corals to estimate zooxanthellae respiration rates from total respiration by difference (i.e., R0 -R," = R,") emerges as an important alternative method for future consideration.
The only drawbacks of this method arc that measurements must be normalized to some appropriate parameter (such as biomass or surface area) and will be limited to species for which aposymbiotic specimens can be obtainecl. In addition, aposymbiotic corals are not ideal controls since they lack the translocated products normally used as substrates for respiration.
Our assumption that, for a given Carbon flux in symbiotic corxls 609 species and habitat, day and night algal and animal respiration rates are constant, should be considered only as a point of departure until empirical data become available. The enigmatic question of the rate of daytime respiration of algae has been reviewed by Raven (1976) , who noted that it is still an assumption that the respiration of daytime illuminated cells is the same as that observed in an immediately succeeding artificial dark period. Further, while it would seem that the animal respiration component would normally be unaffected by illumination or darkness, both nighttime feeding (Porter 1974) and the periodic reception of algal translocated products, as postulated by Chalker (1977) , may well cause respiration rates to fluctuate, as they do in fed symbiotic hydra (Pardy and White 1977) . Mergner and Svoboda (1977) have measured respiration rates of a range of symbiotic cnidarians, including corals, and describe direct evidence for increased oxygen consumption in all associations in the initial hours of the dark period compared to the remainder of the nighttime hours. A decrease in oxygen consumption with depth for a given species, while not directly relevant to the question of diel fluctuations, has been noted by Spencer-Davies (1977) and Mergner and Svoboda (1977) . Obviously, in specific cases where day and night respiration differ, the conventions in Fig. 2 and Eq. 18a, b must be appropriately modified.
Translocation of fixed carbon from algal symbionts to invertebrate hosts is now a firmly established phenomenon, supported by direct evidence from 14C tracer studies (reviewed by Smith 1974) and indirect observations of 13C:12C ratios in algae and animal tissues of reef corals (Land et al. 1975) . F or each coral species there still remains to be worked out the fidelity with which in vitro release reflects in vivo translocation, the daily integrated levels of translocation relative to P,net(day), and the diel pattern of translocation. Although we can detect translocation at night in short term experiments that depend on artificial light, such data must be interpreted with caution. No information is yet available concerning translocation during nighttime under natural conditions. An increment of net carbon fixed during the day might be translocated later at night, and in that case our formulation would tend to underestimate the amount of carbon translocated. We assume that net carbon fixed but not translocated is stored or used in support of algal cell proliferation.
Although in the estimation of CZAR a direct measurement of RQc is preferable, we computed RQc indirectly as 0.815 and 0.805 using Eq. 19 and arbitrary values of 1.00 for RQz and 0.8 for RQa. Our computed values of RQ, are somewhat lower than values of RQ measured directly for other intact symbiotic cnidarians such as corals (0.86-0.90: Kinsey 1978) , sea anemones (0.90-1.0: Pardy and Fitt unpubl.) and freshwater green hydra (0.86: Pardy and White 1977) . In view of the high lipid content of reef corals (34% in P. capitata), and the metabolism attendant to lipid storage and recovery, we have used RQa = 0.8 so that the resultant RQc might reflect at least a mixture of protein, carbohydrate, and lipid metabolism. Drew (1973) chose an RQ:, of 0.86 for several symbiotic corals based on the assumption that glycerol, a major substrate acquired by translocation, might be immediately metabolized by the animal. From the foregoing discussion and the rationale for derivation of the CZAR equation, it should be evident that the parameters P and R can be precisely defined, but have little relevance when defined in terms of oxygen data. For P:R to be relevant to host reliance on algal production, the ratio must be expressed in terms of carbon equivalents and used in conjunction with translocation data. By using the expression p.R = Pzn4dv) Ra ' we can compute from the data in Table  3 a mean P:R of 1.58 for P. damicornis and 2.68 for F. scutaria. These ratios indicate only that the zooxanthellae in P. damicornis and F. scutaria produce Musccltine et al.
more carbon than the algae and animal consume on a daily basis. The ratios by themselves should not be taken to imply any level of self-sufficiency without data on translocation.
Thus translocation factors of 63 and 38% for P. damicornis and F. scutaria are required to achieve phototrophy with respect to carbon. Therefore, although our definition of coral P:R differs from other previous definitions, the utility of ours, once translocation is established, is readily apparent.
On the other hand, P:R for isolated algae, either symbiotic or free-living, is quite relevant to dependence on phototrophy since no translocation is involved. In such cases P:R can be defined prccisely with either oxygen or carbon values as P," PZ -Or R, RZ" for isolated symbiotic algae (Table 4) , or simply Pnross: R for free-living cells. Taking the data on oxygen-based P:R, our mean algal P:R values of 12.8 for P. damicornis and 47.3 for F. scutaria are much higher than the values of 4.0 for cultured free-living Gymnodinium (Humphrey 1975), I.5 for isolated P. dumicornis zooxanthellae, 2.4 for isolated P. capitatu (Burris 1977), and 5.15 for isolated Tridacna zooxanthellae (Downton et al. 1976) . But since the latter values arc based on short term rather than daily integrated data, such a comparison may have little relevance. The very high ratio for F. scutnria may result from the relatively low values for R,24, which in turn result from the selection of an algal : coral biomass ratio of 0.03, and it may therefore be subject to the same potential error as the biomass estimation.
Since the ratio (P;T):R, is an expression of a coral's dependence on phototrophic nutrition, such data are of considerable significance to studies on resource partitioning. Porter (1976) suggested that algal contribution will vary among coral species, creating a spectrum ranging from "phototrophic" to "heterotrophic" corals. The equation presented here offers a means of testing this hypothesis.
To a certain extent this has already been possible. For example, the daily integrated 0, flux for Pocillopora meandrinu as presented by Franzisket (1969a,b) and analyzed according to our equation (Muscatine and Porter 1977) suggests an algal contribution of 86.8%. Similarly, Wethcy and Porter (1976) , applying the principles described here to daily in situ measurements of PO, in Pnvona praetorta, conclude that this species is capable of a phototrophic existence down to 25 m. Both corals are foliaceous and have high surface : volume ratios and relatively small polyp diameters, putting them in the group designated by Porter (1976) as specialized for light capture and, hence, phototrophy.
